Here, we propose crystalline indium tin oxide/metal nanowire composite electrode (c-ITO/metal NW-GFRHybrimer) films as a robust platform for flexible optoelectronic devices. A very thin c-ITO overcoating layer was introduced to the surface-embedded metal nanowire (NW) network. The c-ITO/metal NW-GFRHybrimer films exhibited outstanding mechanical flexibility, excellent optoelectrical properties and thermal/chemical robustness. Highly flexible and efficient metal halide perovskite solar cells were fabricated on the films. The devices on the c-ITO/AgNW-and c-ITO/CuNW-GFRHybrimer films exhibited power conversion efficiency values of 14.15% and 12.95%, respectively. A synergetic combination of the thin c-ITO layer and the metal NW mesh transparent conducting electrode will be beneficial for use in flexible optoelectronic applications.
INTRODUCTION
Transparent conducting electrodes (TCEs) with excellent mechanical robustness will be an essential component for the next generation of flexible and stretchable optoelectronic devices, such as photovoltaic cells, light emitting devices and touch screen panels. [1] [2] [3] [4] [5] Indium tin oxide (ITO) has unambiguously been the most widely used TCE material because of its optical transparency, thermal/chemical stability and device compatibility, coupled with its well-established fabrication processes. 6, 7 However, the brittle nature of ITO might limit its role in future devices. 8 For instance, 150 nm-thick amorphous-ITO (a-ITO) films or 100 nm-thick crystalline-ITO (c-ITO) mounted on a plastic film (thickness: 100 μm) would crack with a bending radius of o3 mm. 9, 10 In addition, the poor thermal stability of optical-grade plastic films -such as polyethylene naphthalate-precludes the use of c-ITO that requires a high-temperature processing step above 250°C that most optical plastic films cannot stand. [11] [12] [13] As such, it is not a simple task to prepare TCEs with both a high conductivity and a high mechanical flexibility using metal oxides.
Meanwhile, the metal nanowire (NW) is one of the most promising nanostructured TCE materials for the above-mentioned optoelectronic applications. 2, [14] [15] [16] [17] [18] The key merits of metal NW TCE include its excellent and tunable figure of merit (FoM), large-scale processability and, especially, its intrinsic mechanical flexibility, [19] [20] [21] making this material well suited for flexible optoelectronic devices. However, the typical metal NW (Ag or Cu NW)-based TCEs also present several problematic issues, including surface roughness, weak adhesion to substrates, poor thermal/chemical stability and limited lateral conduction associated with large empty spaces between the metal NWs. 22, 23 In particular, the thermal/chemical instability of metal NW TCEs is the most critical drawback for this material's use in viable optoelectronic devices that require high-temperature annealing and various chemical treatments during the device fabrication. 24, 25 Conductive metal oxide/metal NW composite TCEs would be beneficial in terms of their thermal/chemical stability because most metal oxides are thermodynamically stable. 26, 27 However, two inevitable disadvantages accompany the introduction of metal oxides: (1) a degradation of the optoelectrical performance 28, 29 and (2) a reduction in mechanical flexibility. 30 Most metal oxide/metal NW TCEs feature a deteriorated optoelectrical property, that is, the FoM, compared with that of the original metal NW TCEs; this is because most metal oxides exhibit a resistivity higher than that of metal NWs. 1 Thus, thin metal oxides (such as c-ITO), which intrinsically exhibit high FoM values, would be helpful to fabricate high-performance and flexible metal oxide/metal NW composite TCEs.
Herein, we report thermally/chemically stable and highperformance c-ITO/metal NW composite TCEs on a glass fabricreinforced plastic (GFRHybrimer) film as an all-in-one TCE/substrate platform for flexible optoelectronic devices. In the composite TCE (hereafter, c-ITO/metal NW-GFRHybrimer), the thickness of the c-ITO overcoating layer was determined with the following considerations: (1) the material must retain the excellent optoelectrical and mechanical properties of the original metal NW TCEs and (2) the material must have enhanced thermal/chemical stability and lateral electrical conduction. After careful examination, we used a c-ITO overcoating layer with a thickness of o30 nm. Crystallization of the ITO top layer was induced directly on the metal NW-GFRHybrimer film via a 250°C annealing process with the aid of the excellent thermal/dimensional stability of the base film. Because very thin (10-30 nm) c-ITO is used as an overcoating layer, a high optical transmittance and mechanical flexibility (strain 43%) can be simultaneously achieved, along with an improved thermal/chemical stability and a smooth surface topography (R rms o1 nm) that is necessary for thin film device compatibility.
In addition, we fabricated efficient, flexible perovskite solar cells with a power conversion efficiency (PCE) 410% based on these c-ITO/metal NW-GFRHybrimer films. We also investigated the bending durability of the devices according to different bending radii (r = 5 and 2.5 mm). The devices were found to exhibit superior bending stability up to 500 cycles of bending.
EXPERIMENTAL PROCEDURES

Synthesis of metal NW
The AgNW solution was synthesized using a polyol process. First, 5.86 g of polyvinylpyrrolidone (Sigma-Aldrich, Seoul, South Korea) was dissolved in 190 ml of glycerol (Sigma-Aldrich) and was annealed at 100°C for 1 h. The solution was then cooled down to room temperature. Sodium chloride (SigmaAldrich, 0.059 g), deionized water (0.5 ml) and glycerol (10 ml) were added to the solution along with silver nitrate (Sigma-Aldrich, 1.58 g). The solution was heated to 160°C for 30 min and left for 1 h. The final product was filtered using glass filters with pore sizes of 10-16 μm and dispersed in methanol. The average length and diameter of the AgNWs were 11 μm and 70 nm, respectively.
The CuNW solution was synthesized using a hydrothermal process. Copper chloride (Sigma Aldrich, 0.17 g) and glucose (Sigma-Aldrich, 0.1 g) were dissolved in 80 ml of distilled water. Hexadecylamine (Sigma-Aldrich, 1.44 g) was added to the solution and mixed for 12 h with a magnetic stirrer. The solution was placed in a Teflon-lined stainless steel autoclave. Without further stirring, the solution was heated for 24 h at 120°C, and a reddish brown solution was obtained. The final product was filtered and dispersed in methanol. The average length and diameter of the CuNWs were 35 μm and 50 nm, respectively.
Fabrication of metal NW-GFRHybrimer films
The metal NW-GFRHybrimer films were fabricated by transferring the metal NW networks, which are preformed on a donor glass, onto the surface of a base GFRHybrimer film via a vacuum-bag molding process. The metal NW networks on the donor glass substrates are prepared by using an automated spray coater. The back pressure (N 2 ) was 0.1 MPa, and the flow rate of the metal NW solution was 3 ml min − 1 . The nozzle-to-substrate distance was 12 cm, and the nozzle scan speed was 4000 inch min − 1 . The temperature of the donor glass substrate was kept at 100°C for immediate solvent evaporation, and the humidity in the spraying booth was maintained at 30%. For the CuNWs, the preformed CuNW network on the donor glass was annealed using a tube furnace under a H 2 atmosphere for 1 h at 200°C to eliminate residual surface oxides that formed after spray coating. The preformed metal NW network on the first donor glass was brought into contact with a glass-fabric cloth impregnated with a matrix resin on the second donor glass, and the assembly was compressed. This was followed by vacuum bag molding and ultraviolet curing. The matrix was a transparent resin blend consisting of cycloaliphatic epoxy oligosiloxanes (CAEO) and bis- [1-ethyl(3-oxetanyl) ] methyl ether (DOX) as a functional crosslinker. Finally, the separation of the two donor glasses resulted in the transparent and freestanding metal NW-GFRHybrimer film of which the thickness was ca. 60 μm.
ITO layer formation
The ITO layer was deposited using DC magnetron sputtering with a working pressure of 2 mTorr, a gas flow rate of Ar/O 2 of 20/0.3 SCCM and a DC power of 100 W at room temperature. The as-deposited a-ITO layer was then annealed at 250°C under a N 2 atmosphere.
Transparent electrode characterization
The sheet resistance (R sh ) was measured using a 4-point probe sheet resistance meter. The total optical transmittance was evaluated using a ultraviolet-visible spectrometer under the GFRHybrimer film baseline conditions. The scanning electron microscope (s4800, HITACHI, Tokyo, Japan) and transmission electron microscope (Titan cubed G2 60-300, FEI, Hillsboro, OR, USA) images were obtained. X-ray diffraction analysis was conducted using a multipurpose high-power X-ray diffractometer (D/Max-2500, Rigaku, Tokyo, Japan). An atomic force microscopy analysis was conducted using a scanning probe microscope (XE-100, Park Systems, Suwon, South Korea). For mechanical, thermal and chemical stability tests, c-ITO/AgNW-GFRHybrimer (R sh = 37 Ω sq − 1 ) and c-ITO/CuNW-GFRHybrimer (R sh = 42 Ω sq − 1 ), which have a 10 nm top ITO layer, were used.
Device fabrication and characterization
Perovskite solar cells were fabricated on various TCE substrates including c-ITO/AgNW-or CuNW-GFRHybrimer, ITO/glass and ITO/polyethylene terephthalate (PET) with a device structure of substrate/PEDOT:PSS (40 nm)/perovskite (300 nm)/PC60BM (40 nm)/BCP (8 nm)/Ag (150 nm). Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT/PSS, Baytron (Goslar, Germany) polyvinylpyrrolidone Al 4083) was spun onto a cleaned TCE substrate at 4000 r.p.m. for 30 s and dried at 140°C for 15 min. The perovskite solution was prepared by dissolving CH 3 NH 3 I (1-material) and PbI 2 (99%, Aldrich) with a molar ratio of 1:1 in a mixture of γ-butyrolactone/ dimethyl sulfoxide (7:3 v/v) at 70°C for 12 h. The solution was spun onto the PEDOT/PSS layer by a consecutive three-step processes at 500, 1000 and 2000 r. p.m. for 5, 10 and 30 s, respectively. During the third step, the perovskite layer was treated with a toluene droplet (∼70 μl), and then immediately dried on a hot plate at 100°C for 10 min. The [6, 6 ]-Phenyl-C61-butyric acid methyl ester (PC 60 BM) in chlorobenzene (1 wt%) was spun on top of the perovskite layer at 3000 r.p.m. for 45 s. A BCP layer (8 nm) and an Ag layer (150 nm) were sequentially deposited through a shadow mask by thermal evaporation at 10 − 7 Torr. The current density-voltage (J-V) characteristics were measured under an irradiance of 100 mW cm − 2 from a 150 W xenon short-arc lamp filtered by an air mass 1.5 G filter with a K201 LAB55 solar simulator (PEC-L12, Peccell Technologies McScience, Seoul, Korea). Figure 1a schematically illustrates the fabrication process of a c-ITO/metal NW-GFRHybrimer film. 31 Briefly, the metal NWGFRHybrimer films (AgNW-and CuNW-GFRHybrimer) are first fabricated by transferring a metal NW network (AgNW or CuNW) onto the surface of a base GFRHybrimer film; then, a thin a-ITO (thickness of 10-30 nm) is sputtered on the film. Subsequently, the films are annealed at 250°C under a N 2 atmosphere to induce the thermally driven crystallization of the ITO layer. It is worthwhile to note that the top ITO layer is directly crystallized on the flexible GFRHybrimer film; such a crystallization is not commonly achievable Transmission electron microscopy analyses of the c-ITO/metal NW electrode revealed direct contact between the bottom-embedded metal NW network and the top c-ITO (Figures 1c and d) . This was further evaluated by X-ray energy-dispersive spectroscopy elemental mapping. It was found that the indium and tin distributions are clearly separated from the silver or copper distribution. Surface and tilted scanning electron microscope images were also used to visualize the hybrid structure of the c-ITO/metal NW-GFRHybrimer films (Supplementary Figure S1 ). By introducing the c-ITO top layer, an exceptionally smooth surface topography for the c-ITO/metal NW-GFRHybrimer films (R rms o1 nm and maximum peak-to-peak value:~5 nm) was attained, as seen in the topographic atomic force microscopy images (Supplementary Figure S2) .
RESULTS AND DISCUSSION
Fabrication of c-ITO/metal NW-GFRHybrimer films
To verify the thermally induced crystallization of the top ITO layer, X-ray diffraction analyses of the a-ITO/AgNW-and a-ITO/CuNWGFRHybrimers were conducted before/after annealing at 250°C under a N 2 atmosphere (Figure 2a ). Before annealing, the amorphous phase of ITO was observed, along with characteristic peaks only from silver or copper. 32, 33 After 4 h of annealing, however, the characteristic peaks of c-ITO (2θ = 30.5°and 2θ = 35.5°assigned to 222 and 400, respectively) were observed. 10, 34 These peaks imply that the top ITO layer was successfully crystallized by the annealing process.
To evaluate the effect of the ITO layer on the electrical performance, the sheet resistance values (R sh ) of various films (metal NW-, a-ITOand a-ITO/metal NW-GFRHybrimers) were measured as a function of the annealing time and by varying the ITO thickness (Figure 2b and Supplementary Figure S3 ). For example, after an a-ITO deposition (30 nm) on the AgNW-GFRHybrimer film, the R sh value was 45 Ω sq − 1 . After 2 h of annealing, the R sh values of the a-ITO/metal NW-GFRHybrimer films were noticeably decreased; these values saturated at ∼ 17 Ω sq − 1 with a prolonged annealing time of 4 h. This indicates that the thermally induced crystallization of the ITO layer resulted in an improved electrical conduction. Indeed, the R sh value (17.2 Ω sq − 1 ) of the hybrid electrodes was less than that of parallel-connected ITO (162 Ω sq − 1 ) or that of a NW network (81 Ω sq − 1 ), implying that AgNWs were further welded during the ITO crystallization.
Introducing a metal oxide to a metal NW leads to the optoelectrical performance degradation of the TCE because of the resistivity of the metal oxides that is higher than that of the metal NWs. 28, 29 To determine the effect of the c-ITO layer on the optoelectrical performance, the total transmittance at 550 nm (T tot ) of the c-ITO/ metal NW-GFRHybrimer films with varying ITO thicknesses (10, 20 and 30 nm) was measured with respect to the bare GFRHybrimer. The T tot vs R sh for the various TCEs (metal NW-, c-ITO-and c-ITO/metal NW-GFRHybrimers) are plotted ( Figure 2c) ; reference σ DC /σ op curves are also included. The following equation provides the FoM for the nanostructured thin film TCEs: 35
where σ DC is the DC conductivity and σ op is the optical conductivity of c-ITO/metal NW-GFRHybrimer for optoelectronic devices H-G Im et al the film. σ DC /σ op is defined as the FoM. As seen in Figure 2c , the value of σ DC /σ op of c-ITO was o300, and the σ DC /σ op of the AgNW TCE was 500. After introducing the c-ITO layer, the σ DC /σ op of the c-ITO/ AgNW TCE becomes 300. This illustrates that use of the c-ITO/AgNW composite TCE results in a slightly degraded optoelectrical performance compared with the case of the AgNW TCE. For the CuNW TCE, the optoelectrical performance was retained after introducing the c-ITO layer (σ DC /σ op of 300). These results suggest that the optoelectrical performance degradation of metal oxide/metal NW TCEs can be minimized if the FoM difference between the metal oxide and the metal NW is small. Our c-ITO/metal NW-GFRHybrimer films exhibit an excellent optoelectrical performance compared with those of the state-of-the-art metal NW composite TCEs; 26, 29, 36 for example, values of R sh = 17.2 Ω sq − 1 at T tot = 92.3% for c-ITO/AgNW-GFRHybrimer and R sh = 19 Ω sq − 1 at T tot = 92.2% for c-ITO/CuNW-GFRHybrimer were achieved ( Table 1) . The introduction of a metal oxide layer, by filling the voids between the metal NW networks, can help inducing additional charge for carrier collection/injection. 37 To evaluate the lateral conduction behavior, conductive atomic force microscopy was performed on the c-ITO (30 nm)/AgNW-GFRHybrimer films. For the bare AgNWGFRHybrimer film, the carrier conduction was observed only through the embedded metal NW networks (Figure 2d ). In contrast, for the c-ITO/AgNW-GFRHybrimer sample, the current flow was detected in regions where no metal NWs were located (Figure 2e ). Though carrier conduction mainly occurs through the metal NW network, lateral conduction (an average 20% of the current on the NWs) was also observed where c-ITO was deposited on the voids.
Mechanical, thermal and chemical robustness of metal oxide/metal NW hybrid TCEs
The mechanical robustness of the metal oxide/metal NW TCEs was analyzed to confirm the applicability of this material to flexible devices. To evaluate the durability of the c-ITO/metal NWGFRHybrimer films at different bending radii (r), a series of bending tests for different c-ITO thicknesses were performed with various r (Figure 3a) . The 10 and 20 nm c-ITO/metal NW-GFRHybrimer films (thickness: 60 μm) showed little change in the value of R sh until r reached 1 mm (strain of 3%). For the 30 nm c-ITO/metal NWGFRHybrimer films, the value of R sh began to increase when r = 1.5 mm (strain of 2%). In contrast, the commercial ITO/PET sample (150 nm of ITO on 200 μm of PET) started to crack at r = 5.5 mm (strain of 1.8%). These results indicate that the mechanical durability of the metal oxide/metal NW TCEs is limited by the thickness of the metal oxide layer, and a c-ITO layer thickness of o20 nm is necessary for the flexibility of the hybrid TCE.
To confirm the repeated bending durability, the change in the resistance of the 10 nm c-ITO/metal NW-GFRHybrimer films with cyclic bending (r = 1 mm) was also monitored (Figure 3b) . The c-ITO/ metal NW-GFRHybrimer films tolerate 10 4 bending cycles without any sign of mechanical failure, retaining their initial R sh values. In sharp contrast, the R sh value of the reference ITO/PET film catastrophically increased 28 times after 10 cycles of the bending test. The repeated bending durability was further confirmed by surface scanning electron microscope analysis (Supplementary Figure S4) . In the case of the c-ITO/metal NW-GFRHybrimer films, no cracks formed after the repeated bending test. However, large cracks were observed on c-ITO/metal NW-GFRHybrimer for optoelectronic devices H-G Im et al the reference ITO/PET film after 10 cycles of bending. This result highlights that the mechanically robust c-ITO/metal NW-GFRHybrimer films can be suitable for typical flexible optoelectronic applications because the performance degradation of flexible devices upon repeated mechanical bending is mostly associated with the failure of the TCE layer that shows a drastic increase in R sh . 13 The thermal-oxidation stability of the metal NW TCEs should be guaranteed for this material to be suitable for fabricating optoelectronic devices, such as perovskite solar cells. To evaluate the thermaloxidation stability, the c-ITO/metal NW-GFRHybrimer films were oven annealed under the ambient atmosphere; R sh values were measured during annealing. The annealing temperatures were 300°C and 100°C for the c-ITO/AgNW-and c-ITO/CuNW-GFRHybrimers, respectively. The lower temperature for the c-ITO/CuNW-GFRHybrimer was applied because copper is more prone to oxidation than silver is. 38 The AgNW on glass substrate shows an immediate degradation of the electrical performance (Figure 3c ). Although the degradation time of the AgNW-GFRHybrimer film is prolonged compared with that of the AgNW on glass, the AgNWGFRHybrimer film also shows a dramatic increase in the value of R sh after 150 min of annealing. In contrast, the value of R sh of the c-ITO/AgNW-GFRHybrimer film was maintained after 400 min of annealing. A similar tendency was also observed for the CuNW TCEs (Figure 3d ). Contrary to the cases of CuNW on glass and of the CuNW-GFRHybrimer film, the c-ITO/CuNW-GFRHybrimer film was found to retain its electrical performance even after 240 h of annealing. These results indicate that a bottom-embedded metal NW network is effectively protected from oxidation by a top ITO overcoating layer. 24, 26, 39 The chemical stability of the metal NW TCEs is another important issue because many device fabrication processes involve chemicals that could degrade the bottom metal NW network. To determine the chemical stability of c-ITO/metal NW-GFRHybrimer films, K 2 S corrosion tests were performed. A K 2 S aqueous solution (5 wt%, 2 ml) was used as an oxidative reagent because sulfur is corrosive to AgNWs and CuNWs. The R sh values of each sample were in situ measured through two electrical outlets formed with silver paste while the K 2 S solution was spread on the samples. Upon exposure to the K 2 S solution, the R sh values of the AgNW on glass substrate and the AgNW-GFRHybrimer film increased abruptly within 60 and 200 s, respectively (Figure 3e ). In contrast, the electrical performance of the c-ITO/AgNW-GFRHybrimer film was stable even after 1000 s, confirming the superior chemical stability of this material. In a similar manner, the c-ITO/CuNW-GFRHybrimer film also retained its electrical performance for 300 s of the same test (Figure 3f) . However, the R sh value of the CuNW on the glass sample surged immediately, and the CuNW-GFRHybrimer film also showed a drastic increase in the value of R sh after 40 s. This improved chemical stability of the c-ITO/metal NW-GFRHybrimer films can also be attributed to the top ITO overcoating layer that effectively protects the bottom metal NW network from chemical reagents. The excellent thermal-oxidation/ chemical stability of the c-ITO/metal NW-GFRHybrimer films means that this material can provide an excellent platform for fabricating optoelectronic devices.
Organic/inorganic perovskite solar cells on c-ITO/metal NW-GFRHybrimer films To demonstrate the potential of the c-ITO/metal NW-GFRHybrimer films as a flexible TCE/substrate platform for optoelectronic devices, organic/inorganic perovskite solar cells using methyl ammonium lead iodide (CH 3 NH 3 PbI 3 ) were fabricated on the c-ITO/metal NWGFRHybrimer films. It is challenging to fabricate perovskite solar cells directly on metal NW TCEs because of the high reactivity of the metal NWs toward halides. 40 The device structure is c-ITO/metal NW-GFRHybrimer/PEDOT:PSS/perovskite/PCBM/BCP/Ag; a crosssectional transmission electron microscopy image is shown in Figures 4a and b . Table 2 . It should be noted that the performance of the devices on the c-ITO/metal NW-GFRHybrimer films are comparable to or even superior to those of the reference devices. It is worth noting that the excellent chemical stability of the c-ITO/metal NW-GFRHybrimer films against the perovskite precursor solution enables stable integration of the perovskite layer (Supplementary Figure S5) .
The V oc values were improved in the devices on both the c-ITO/ AgNW-and c-ITO/CuNW-GFRHybrimer films compared with those values of the reference ITO-based devices. These higher values of V oc can be attributed to the higher work function of the TCEs (Supplementary Figure S6 ) that could induce a larger built-in potential (V bi ). 41 On the other hand, c-ITO/metal NW-GFRHybrimer-based devices show lower J sc and FF values compared with those of the control devices. To investigate the origin of the lower J sc values, we compared the transmittance of the electrodes and the absorption of the devices (Supplementary Figure S7) . The c-ITO/AgNW-GFRHybrimer and the c-ITO/CuNW-GFRHybrimer exhibited lower transmittance values than the ITO electrode below 500 and 600 nm, respectively; these results were partly because of the surface plasmon absorption of AgNWs and CuNWs. This result was also confirmed in the external quantum efficiency spectra of the devices (Supplementary Table S1 and Supplementary Figure S8) . 42, 43 Furthermore, the low FF values of the c-ITO/metal NW-GFRHybrimer devices are attributable to the higher series resistance that is due to the leakage current, resulting from the discontinuous metal NW networks that form when 10 nm of thin ITO is deposited on the metal NW-GFRHybrimer. To evaluate the reliability of the perovskite solar cell devices on c-ITO/ Figure S10) . In sharp contrast, the devices on the ITO/PET film sharply deteriorated after 100 cycles of bending. To investigate the origin of the performance degradation of the devices, a surface scanning electron microscope analysis was conducted after the bending test (Supplementary Figure S11) . For the reference device, cracks appeared because of the brittleness of the bottom ITO electrode. In contrast, the devices on the c-ITO/AgNWand c-ITO/CuNW-GFRHybrimer films exhibit no cracks after bending. It should be noted that the excellent flexibility of the perovskite solar cells on the c-ITO/metal NW-GFRHybrimer films is attributed to the outstanding mechanical stability of the c-ITO/metal NWGFRHybrimer films. 13 
CONCLUSION
In summary, we fabricated a flexible, thermally/chemically robust and high-performance c-ITO/metal NW hybrid TCE/substrate platform (c-ITO/metal NW-GFRHybrimer film). We examined the optoelectrical properties and the mechanical, chemical and thermal stabilities of the c-ITO/metal NW-GFRHybrimers with various ITO thicknesses. From an optoelectrical perspective, c-ITO can be beneficial for fabricating high-performance metal oxide/metal NW TCEs. The 10 nm thickness of c-ITO was found to be optimal, resulting in an outstanding flexibility of the metal NW TCEs, as well as excellent thermal/chemical stability. Perovskite solar cells were fabricated on the chemically stable c-ITO/metal NW-GFRHybrimer films, and the devices show excellent photovoltaic performance and outstanding mechanical durability. Our c-ITO/metal NW-GFRHybrimer films can be a robust TCE/substrate platform for various flexible optoelectronic devices. 
